Objective: Pseudomonas aeruginosa and Staphylococcus aureus dual-species biofilm infections are notoriously difficult to manage. This study aimed at investigating the influence of four different culture media on the planktonic growth, adhesion, and biofilm formation of P. aeruginosa and S. aureus.
Introduction
Chronic, recalcitrant polymicrobial infections caused by biofilms are increasingly being recognized worldwide. Such infections could be due to the colocation of extrinsically acquired putative pathogens, and members of the commensal flora whence they communicate, cooperate, and compete with each other [1] . Two important bacterial pathogens that have developed a complex network of evasion, counter-inhibition, and subjugation in their battle for space and nutrients are Pseudomonas aeruginosa and Staphylococcus aureus. For instance, in cystic fibrosis lung infections, in wound and burn infections, and catheter-associated urinary tract infections, they act either in tandem or in competition, generally leading to worse patient outcomes [2] [3] [4] .
Both P. aeruginosa and S. aureus have the ability to colonize and establish biofilms, defined as a surface-attached microbial community surrounded by a self-produced exopolymer matrix [5] . Biofilm formation is a complex process which is a central pathogenic event in the infection. It involves distinct phases of attachment, accumulation, and maturation and follows a sequence of events similar to that of planktonic counterparts with lag, log, stationary, and decline phases [6] . Moreover, the biofilms of these organisms adorned with a thick coat of the extracellular polysaccharide are extremely resistant to antibiotics as this coat protects the pathogen by inhibiting its phagocytosis [7] . A number of workers have therefore evaluated monospecies and mixed species biofilm coculture models of the two pathogens using various culture media to elucidate their biofilm phenotype and physiology [8, 9] . Nevertheless, limited data are available on the effect of culture media on growth kinetics of biofilms.
It is known that cultures of P. aeruginosa and S. aureus in such diverse media yield disparate results. Some even fail to develop biofilm complexes of bacteria found in differing niduses depending on their role within the biofilm [10] . Additionally, with the growing attention on biofilm infections and the need for finding novel therapeutic strategies to combat these infections, it is essential to standardize relevant techniques across laboratories. Yet, the culture media used for these studies differ from one laboratory to another, and yield data that are not directly comparable. In the current study, we studied three different commonly used culture media, including Nutrient Broth (NB), Brain Heart Infusion (BHI) broth, Luria-Bertani (LB) broth, and RPMI 1640 medium, which is not normally used for bacteria but for the growth of eukaryotic cells to seek the ability of biofilm formation of P. aeruginosa and S. aureus.
The main objective of the current study was to determine the impact of four different culture media with varying nutrient compositions on the growth, adhesion, and biofilm formation of mono-and cocultures of S. aureus and P. aeruginosa biofilms, so as to provide foundation data for future functional studies.
Materials and Methods
Test Strains and Culture Media P. aeruginosa (ATCC 27853) and S. aureus (ATCC 25923) type strains obtained from the American Type Culture Collection were used throughout. Stock cultures were maintained on Nutrient Agar (NA; Sigma-Aldrich, USA) slants, and sub-cultured onto freshly prepared NA plates and incubated at 35 ° C for 24 h. For all planktonic, adhesion, and biofilm assays, NB (Sigma-Aldrich), BHI (HiMedia, India) broth, LB broth, and RPMI 1640 (Gibco, USA) medium were used as culture media.
Planktonic Growth Assay
Planktonic growth rates in different culture media were determined as described previously by Jin et al. [11] with modifications. Briefly, standard cell suspensions of P. aeruginosa and S. aureus were prepared in sterile NB, BHI broth, LB, and RPMI 1640 by adjusting the turbidity of suspensions to 0.5 MacFarland standard. A 1: 1 suspension of P. aeruginosa and S. aureus cells was also prepared. Then, 100 µL of each suspension was inoculated in triplicate into a sterile, flat-bottomed, polystyrene 96-well microtiter plate. The growth rate of planktonic bacteria was determined by measuring the optical density (OD) of the suspensions in each well at 492 nm at 2-h intervals for 14 h using a microtiter plate reader (SPECTRAmaxPLUS384 Molecular Devices Inc., USA), and growth curves were generated.
Bacterial Adhesion
The cell suspensions of P. aeruginosa and S. aureus, which were equal to 0.5 MacFarland standards, were prepared in sterile NB, BHI broth, LB, and RPMI 1640. In addition to the monospecies suspensions, 1: 1 mixed suspensions were prepared by adding equal volumes of each species. Then, 100 µL/well standard cell suspensions of P. aeruginosa, S. aureus, and 1: 1 mixed species were added in triplicate to wells of a sterile flat-bottomed microtiter plate and incubated for 90 min at 37 ° C for initial adhesion studies [11] . After 90 min of incubation, the nonadherent cells were removed by washing plates carefully with 200 µL of sterile phosphate-buffered saline (PBS) and the adherent cells were quantified using MTT assay (tetrazolium salt 3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide; Sigma-Aldrich) assay [12, 13] , with minor modifications, as outlined below.
A working solution of 1 mg/mL MTT was initially prepared with sterile, filter-sterilized distilled water. To quantify the adherent viable cell mass, 50 µL of working solution was added to each well and incubated at 37 ° C for 4 h. After incubation, the remaining MTT solution was aspirated carefully. To solubilize the formazan end product, 100 µL of dimethyl sulfoxide (Sigma-Aldrich) was added to each well, and absorbance was measured at 570 and 630 nm wavelengths.
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Biofilm Growth Assay Biofilm assay was performed using the method of Jin et al. [11] . Briefly, standard cell suspensions (equal to 0.5 McFarland turbidity standard) of P. aeruginosa, S. aureus, and 1: 1 mixed species were prepared in sterile PBS and 100 µL of this standard cell suspension was added in triplicate to each well of a flat-bottom sterile microtiter plate and incubated for 90 min at 37 ° C to achieve the initial cell adhesion. The plate was then washed twice with 200 µL/well of sterile PBS to remove nonadherent cells and the wells refilled with 100 µL/well of the four different sterile culture media: NB, BHI broth, LB, and RPMI 1640. The plate was incubated at 37 ° C up to 96 h and the culture media replenished daily. The biofilm biomass was quantified at 24, 48, 72, and 96 h using the MTT assay as described above. Growth curves were prepared to determine the effect of the four different liquid culture media on biofilm growth.
Scanning Electron Microscopy
For ultrastructural studies, the biofilms of P. aeruginosa, S. aureus, and 1: 1 mixed species were developed as described above on 10-mm diameter coverslips (which were pretreated with concentrated sulfuric acid and 95% ethanol before the experiments), processed, and examined as follows. The biofilms were fixed with 2.5% glutaraldehyde for 2 h and serially dehydrated with ethanol. After overnight critical point drying in a desiccator, the biofilms were coated with gold and examined using a scanning electron microscope (SEM; Hitachi SU 6600, Tokyo, Japan).
Statistics
Each experiment was performed in triplicate. Statistical analyses were performed using SPSS16.0 for Windows. One-way and two-way ANOVA were performed to analyze the differences among multiple means. p values < 0.05 were considered statistically significant.
Results

Growth Rate of Planktonic Bacteria in Culture Media
In the NB medium, both P. aeruginosa and the 1: 1 mixed species coculture growth reached a plateau at 8 h, after which a decline in growth was noted. NB did not particularly support S. aureus monoculture growth, which was highly retarded compared to its counterpart (Fig. 1a) . In the BHI broth medium, P. aeruginosa and the 1: 1 profiles of mixed species coculture were similar, reaching a plateau at 12 h, and provided the highest yield amongst all four media (Fig. 1b) .
In the LB broth medium, P. aeruginosa growth reached a plateau at 6 h and S. aureus growth was significantly retarded, and only plateaued after 14 h. The mixed species coculture reached a plateau at 14 h in LB medium with a higher yield in OD terms (Fig. 1c) .
The RPMI 1640 medium was least supportive of the planktonic growth of both the mono-and cocultures (Fig. 1d) . S. aureus demonstrated a continuous growth upward trajectory of growth in all culture media except RPMI 1640. In summary, on comparing the planktonic growth of the two species in different culture media, the maximum growth of all the mono-and cocultures was achieved with BHI broth (Fig. 1a-d) , followed by LB medium, while NB and RPMI media were least supportive. Effect of Culture Media on Bacterial Adhesion MTT assays were conducted to evaluate the adhesion of P. aeruginosa, S. aureus, and 1: 1 mixed species onto the plastic substrate of the multi-well plates. NB medium supported bacterial adhesion to the least extent, while the other three media promoted mono-and mixed-species adhesion, compared to the PBS control (p < 0.05). All mono-and mixed-species cultures elicited the highest adhesion to the substrate in RPMI 1640 medium (p < 0.05; Fig. 2) , which was far superior to either LB or BHI media.
Growth of Mono-and Mixed-Species Biofilms
Biofilm growth was quantified using the MTT assay (Fig. 3) . Growth of all biofilms was uniformly high and reached a plateau at 72 h in all four culture media. The maximal growth of all mono-and mixed-species biofilms was noted with BHI broth, followed by RPMI 1640, LB, and NB media (Fig. 3) . NB was the least supportive of biofilm growth in general. Furthermore, P. aeruginosa biofilm growth in NB medium was minimal compared to the other media (Fig. 3) .
Ultrastructure of Bacterial Biofilms in BHI Medium
As BHI broth induced maximal biofilm growth of both the mono-and cocultures of the two organisms (Fig. 3) , we selected the 72-h-old biofilms in the latter medium for SEM evaluation. The individual biofilms of the P. aeruginosa and S. aureus clearly demonstrated the discrete bacterial populations attempting to form confluent microcolonies and cell islands at this stage of biofilm growth, with sparse extracellular matrix, if any. On the contrary, the coculture biofilm was characterized by relatively mature multi-layer biofilms with an extracellular polysaccharide matrix enveloping some sectors of the community (Fig. 4c, d) .
Overall, the results of electron microscopy confirmed the culture results of the positive impact of the BHI medium on biofilm development of the two organisms. However, the extracellular matrix is promoted in cocultures of P. aeruginosa and S. aureus (Fig. 4b) , compared to monocultures of these two organisms.
Discussion
P. aeruginosa and S. aureus are the most common agents of nosocomial infections, such as catheter-associated urinary tract infections, and wound and burn infections [3, 14] . Additionally, they play a critical role in chronic recalcitrant infections associated with cystic fibrosis [4] . The biofilms of these two species, either singly or in combination, contribute to serious health issues due to their intrinsic resistance to antibiotics. Furthermore, conventional tests for antimicrobial sensitivity of planktonic cells do not clearly reflect the in vivo habitat of these organisms and, hence, new methods including appropriate culture media are required to yield clinically relevant data for managing these biofilm-related infections. The first step in facilitating biofilm studies is to standardize culture techniques across clinical and research laboratories.
According to our findings, BHI medium facilitates both S. aureus and P. aeruginosa planktonic as well as biofilm growth compared to the other three tested media. BHI medium in comparison to the others contains higher levels of peptones, proteins, and salts [15] , which appear to facilitate planktonic growth and the biofilm yield of the two species. Protease peptone and infusions (calf brain and beef heart) provide the necessary nitrogen compounds, carbon, essential growth factors, amino acids, and vitamins. Dextrose serves as a source of energy, and sodium chloride maintains the osmotic equilibrium of the medium. Others have previously noted that the nutrient composition of the culture medium has a major impact on biofilm growth and development [16] . Our data to some extent confirms the findings of a recent study by Chen et al. [17] , who recommended BHI as a good culture medium for the growth of S. aureus biofilms.
In the NB medium, only the beef extract and peptone provide the necessary nitrogen, carbon and vitamins, while sodium chloride maintains osmotic equilibrium of the medium. In LB medium, peptone provides basic nutrients and growth factors to the bacteria. Yeast extract supplies vitamins, amino acids, and trace elements. Sodium chloride maintains the proper isotonic environ- ment of the broth. Based on their composition, the concentration of nutrients is highest in BHI, followed by LB and NB. The adherent capacities of different species to the various substrata are disparate, and are facilitated by several factors, including the culture medium [18] . For instance, Hood and Zottola [19] studied four different bacterial species, including Salmonella typhimurium, Listeria monocytogenes, Escherichia coli O157:H7, Pseudomonas fragi, and P. fluorescens, and concluded that the medium which produced the highest level of adherent cells was different for each organism. It was also shown that the lack of nutrients could enhance the adhesion of some microorganisms, while others exhibited high adhesion rates even under basic growth conditions [20] . We noted that the adherence of both species, either in mono-or cocultures, compared with the other three media, was optimal in RPMI 1640. The latter medium mimics the composition of human body fluids and contains high concentrations of amino acids, including L-glutamine, L-arginine, L-asparagine, as well as vitamins and inorganic salts [21] . It is tempting to speculate, therefore, that the rich RPMI 1640 medium replete with amino acids may have induced the two species to develop extracellular surface components favorable for adhesion. However, RPMI 1640 performed worst in terms of support for growth. Though RPMI 1640 is a rich nutrient medium, its amino acid composition is higher than that of carbohydrates. During the period of rapid growth, carbohydrates initially serve as the primary source of carbon and energy but are quickly spent, and other nutrients such as peptides, amino acids, nucleic acids, nucleotides, and fatty acids are utilized to sustain growth [22, 23] .
As the carbohydrate supply is exhausted, amino acid catabolism predominates and, as cells enter the stationary phase, ammonia released into the medium causes it to become basic [24] . To survive under these conditions, cells must adapt to a high energy expenditure that is imposed on them by the need to actively acquire protons from the basic medium environment in order to maintain pH homeostasis in the cytoplasm [25] . Eventually, the readily available nutrients are exhausted and the only nutrients available are those derived from the dead bacteria [26] . In order to scavenge nutrients from the bacterial debris, proteins, nucleic acids, and lipids must be broken down into their constituent parts, which imposes another large energy cost on the cell. Thus, such stress responses are associated with the appearance of macromolecular agents in the medium and this could affect the viable cell mass. Therefore, this could be a major cause of the reduction in viable cell mass in biofilm formation in RPMI 1640 medium.
The coculture showed suppressed adhesion (Fig. 2 ) compared to monocultures. In a coculture biofilm the adhesion is mediated by many organism-related factors, such as quorum sensing, inhibitory factors, and environmental factors. S. aureus and P. aeruginosa are likely to produce biosurfactants that could inhibit their attachment or limit cell adhesion to polystyrene. These biosurfactants could have enzymatic action resulting in the degradation of biofilm polymers leading to biofilm detachment. It is known that biofilm detachment is controlled by quorum sensing [27] , but the quorum sensing-controlled molecular detachment factors of S. aureus and P. aeruginosa remain undefined [28] . This could be a main reason for the suppression of adhesion in coculture compared to monocultures.
In the stage of biofilm formation and maturation, BHI enhanced the growth of biofilms possibly due to the high nutrient composition of the broth. The growth of the biofilms of S. aureus, P. aeruginosa, and 1: 1 mixed species was more than twice that of the other three tested media. Therefore, the growth of coculture probably represents the growth rate of P. aeruginosa (Fig. 1) . Thus, it is possible that P. aeruginosa facilitates microcolony formation of S. aureus and outcompetes S. aureus in coculture biofilms. This was further substantiated by high-resolution SEM. Yang et al. [29] studied the role of eDNA in P. aeruginosa and S. aureus mixed-species microcolony formation in coculture biofilms, emphasizing the importance of eDNA as a common biofilm EPS constituent. They showed that eDNA behaves as an essential EPS element shared by different species in coculture biofilms, which facilitates interspecies interactions through the formation of mixed-species compact microcolony structures during biofilm development. Furthermore, P. aeruginosa is able to protect S. aureus from phagocytosis in coculture biofilms [29] .
P. aeruginosa and S. aureus are ubiquitous pathogens that cause many chronic, diabetic, and combat-wound infections, often found together in coinfections; this has led to the concept of polymicrobial biofilm-associated infections. Dean et al. [30] analyzed mixed biofilm of S. aureus and P. aeruginosa by laser ablation electrospray ionization mass spectrometry, and found that S. aureus and P. aeruginosa within the mixed biofilm showed significant colocalization of the cells, rather than self-segregation. Thus, the growth rate of coculture biofilms could be in between the growth rate of monospecies biofilms (that is, greater than P. aeruginosa and less than S. aureus), according to the findings of the current study.
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Finally, we noted in our ultrastructural studies that the dual-species biofilm produced profuse extracellular polysaccharide compared with the monospecies biofilms. This phenomenon has been described in wound infections coinfected with S. aureus and P. aeruginosa [2] and has important clinical implications, including recalcitrance to common antibiotics.
Conclusion
The current data demonstrate that, of the commonly used media, BHI broth is the most conducive growth medium for studying in vitro biofilm and planktonic growth kinetics of P. aeruginosa and S. aureus, particularly in coculture.
